Development of a Streptococcus pneumoniae Keratitis Model in Mice
Streptococcus pneumoniae is an opportunistic pathogen that causes bacterial keratitis [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] , which can result in irreversible corneal scarring that could potentially lead to blindness [11] . S. pneumoniae is one of the most common bacterial pathogens associated with infection of compromised corneas [12, 13] . The corneal damage observed in pneumococcal keratitis has been attributed mainly to pneumococcal virulence factors, such as the toxin pneumolysin, that initiate a robust immune response [14] [15] [16] . Previous studies have reported pneumococcal keratitis in the rabbit model [14, [17] [18] [19] . The rabbit has served as an appropriate model to study bacterial virulence factors, host effects such as inflammation, antibiotic treatments and the testing of novel therapies.
Drawbacks of the rabbit model of pneumococcal keratitis are the lack of availability of immunological reagents and genetically altered animal strains.
The establishment of a pneumococcal keratitis model in the mouse would provide the examination of the pathogen-host interaction. The role of S. pneumoniae virulence factors can be determined in the mouse eye which would provide new insights into corneal pathogenesis. Whereas the rabbit eye remains an appropriate model for the investigation of therapies designed to target bacteria and bacterial virulence factors, the mouse model would give a better understanding of the effects that bacteria and their virulence factors have on the host immune system and would thus provide possible host targets for the refinement of therapies to treat these infections. Mouse models of Staphylococcus aureus keratitis have been established and have proven useful for the study of the host response to infection [20] [21] [22] . The mouse model of Pseudomonas aeruginosa has been studied extensively and has provided insight into the host innate and adaptive immune responses to keratitis infection [23] . However, a mouse model of pneumococcal keratitis has not been previously demonstrated. The purpose of the current study was to establish the mouse model of pneumococcal keratitis which will allow future studies of the elucidation of the host factors directly involved in the host response, especially with regard to innate immunity.
Materials and Methods
S. pneumoniae clinical keratitis strain K1263 (capsule type 35F) was provided by the Charles T. Campbell Ophthalmic Eye Microbiology Laboratory at the University of Pittsburgh Medical Center. Bacteria for infection were grown overnight in ToddHewitt broth with 0.5% yeast extract at 37 ° C and then subcultured to log phase under the same conditions until the optical density at 600 nm was 0.3, which corresponded to 10 8 colonyforming units (CFU) per milliliter.
Six-to 7-week-old A/J, BALB/c and C57BL/6 mice were purchased from Jackson Laboratories (Bar Harbor, Me., USA). All animals were maintained according to institutional guidelines and the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Mouse eyes were infected using a protocol modified from Girgis et al. [21] . Briefly, groups of mice were anesthetized with an appropriate dose of xylazine (Butler Company, Columbus, Ohio, USA) and ketamine (Butler Company). A 30.5-gauge needle was used to scratch the corneal surface in 4 places without penetrating the superficial stroma. A 5-l aliquot containing 1 ! 10 5 CFU of log phase K1263 was applied to each scratched cornea. Scratch-only controls and unscratched controls were included.
The mice (n = 3 mice/group, repeated twice) were monitored by slitlamp examination (SLE) on postinfection (PI) days 1, 3, 5, 7 and 10. Microscopic evaluation was performed using a slitlamp biomicroscope (Topcon, Kogaku Kikai KK, Tokyo, Japan). The parameters were as follows: 0 = clear and normal; +1 = readily detectable opacity; +2 = dense opacity or opacity partially covering the entire corneal surface over the pupil; +3 = dense opacity covering the entire corneal surface over the pupil; +4 = moderate to dense opacity covering the entire corneal surface with corneal erosion [21] . Scores were expressed as the means 8 standard errors of the mean.
Mice were sacrificed at each time point, and eyes were enucleated to enumerate the viable bacteria present (n = 4 eyes/group) or to examine histopathology (n = 2/group). Enucleated eyes were homogenized in 1.0 ml sterile phosphate-buffered saline. The bacteria were quantified by plating of serial dilutions (1: 10) on blood agar (5%) in triplicate and incubation at 37 ° C for 24 h. The colonies were counted and CFU per cornea were expressed as log base 10 values. For histopathology and immunohistochemistry analysis, enucleated eyes were fixed in 10% neutral buffered formalin and were processed by Excalibur Pathology (Moore, Okla., USA). Immunohistochemistry was performed using rabbit antiCD11b/c polyclonal antibody (Thermo Fisher Scientific, Rockford, Ill., USA) according to the manufacturer's instructions.
Data were analyzed using the Statistical Analysis System program for computers (Cary, N.C., USA). Clinical SLE scores were analyzed using a nonparametric one-way analysis of variance. Bacterial CFU were analyzed using the general linear models procedure of least squares means. All experiments except corneal CFU quantification at time points up to 24 h after infection were performed twice, yielding similar results. p ! 0.05 was considered significant. Data were expressed as means 8 the standard errors of the mean.
Results
The total number of viable bacteria recovered from each eye was quantified on PI days 1, 3 and 5 for each strain of mouse. The CFU from the infected A/J mouse eyes yielded no statistical differences in the bacterial recovery on PI day 1 compared to the BALB/c and C57BL/6 mouse eyes ( p = 0.0879 and p = 1.0000, respectively; fig. 1a ). It was noted that only 1 out of 4 eyes from the BALB/c mice yielded viable pneumococci whereas all of the eyes from the other strains yielded viable bacteria. However, by PI day 3, the infected eyes of A/J mice (p = 0.0485) continued to yield viable bacteria whereas the eyes of BALB/c and C57BL/6 mice did not yield any viable bacteria. The eyes of the BALB/c and C57BL/6 mice were deemed sterile after PI day 3. A/J mouse eyes, however, were not deemed sterile until PI day 5. Further analysis of the pneumococcal viability was examined in a separate experiment in the A/J mouse for multiple time points (4, 8, 12 and 24 h after infection; fig. 1 b) . The data demonstrate that the bacterial load declined by 3 log 10 units within the first 12 h after infection and continued to decline to about 1.5 log 10 units by 24 h after infection.
Each group of mice was examined by SLE at each time point ( fig. 2 ) . The three strains of infected mice exhibited no pathological changes, and the corneas were clear and normal on PI day 1. However, by PI day 3, slight corneal opacity was observed in the A/J mice and BALB/c mice. In contrast, no corneal opacity was observed in the C57BL/6 mice. The eyes of the infected A/J mice had significantly higher SLE scores as compared to the eyes of the uninfected mice that had only been scratched (p ! 0.001). The SLE scores were significantly higher for the infected corneas of the A/J mice as compared to the BALB/c (p ! 0.05) and C57BL/6 (p ! 0.001) mice by PI day 5 and steadily increased over time reaching a maximal value of 3.00 8 0.35 on PI day 10 ( fig. 2 ) . The BALB/c mice exhibited SLE scores that slightly increased to 1.1 8 0.10 by PI day 10.
The establishment of pneumococcal keratitis is evident in the macroscopic examination of the infected corneas of the A/J mice ( fig. 3 ) . The infection also led to the occurrence of corneal epithelial erosions which were observed in the A/J mice by PI day 5 (data not shown). A/J mice demonstrated severe gross pathology by PI day 5 ( fig. 3 a) , which worsened by PI day 10 ( fig. 3 c, d ). In contrast, the BALB/c mice ( fig. 3 e) showed mild pathology, and the C57BL/6 mice ( fig. 3 f) exhibited no signs of infection. Overall, the A/J mice had more obvious corneal infiltrate, corneal opacity and corneal ulceration.
Whole eyes were extracted on PI days 1, 3, 5, 7 and 10 which were then sectioned and stained with hematoxylin and eosin. The A/J mice demonstrated severe stromal edema and influx of polymorphonuclear leukocytes (PMNs) on PI days 5, 7 and 10 ( fig. 4 a-c) . These findings correlated with the progression of the SLE scores. Histological analysis also exhibited disruption of corneal epithelial cells and stromal edema by PI day 7 ( fig. 4 d) . Histopathological analysis of the infected C57BL/6 and BALB/c eyes revealed minimal signs at most of keratitis. The results of the C57BL/6 ( fig. 4 e) and BALB/c ( fig. 4 f) infected mice exhibited slight stromal edema and the minimal presence of PMN activity. To determine whether the scratch led to the inflammatory response, a naïve A/J mouse cornea was scratched but no bacteria were applied. The histology analysis shows slight stromal edema and few PMNs ( fig. 4 g) . Thus, the results further demonstrate that BALB/c and C57BL/6 strains of mice seem to be resistant to pneumococcal keratitis as compared to the A/J mouse strain.
Immunohistochemistry was used to determine the presence of immune cells in the eye. The results further demonstrate monocytes, macrophages and granulocytes localized in the stroma and aqueous of A/J mice ( fig. 4 h 
Discussion
The focus of this study was to establish pneumococcal keratitis in the mouse model. Three strains of mice were analyzed; however, only the A/J mouse strain was fully susceptible to pneumococcal keratitis. It has been determined based on SLE scores and histopathology that BALB/c and C57BL/6 mice were not susceptible to infection under the experimental conditions that were employed.
The A/J mouse exhibited signs of corneal disease beginning on PI day 3 and continuing to PI day 10. The diseased corneas exhibited the presence of PMNs in the stroma, opacity and disruption of the epithelium. Bacterial viability declined after PI day 3, which suggests that pneumococcal clearance might be attributed to the host innate immune response. Furthermore, the pneumococcus faces unfavorable growth conditions in the cornea, which would cause the bacteria to release autolysin and die [24] . This occurrence of pneumococcal death is not a new phenomenon, according to Johnson et al. [16] and Green et al. [17] , who demonstrated pneumococcal keratitis in rabbits. Both studies found that by 48 h after infection, bacteria were cleared from most of the corneas. Although no bacteria were recovered, the pathological damage associated with the pneumococcal infection was quite evident as shown by SLE and histological analysis. The findings from the present study indicate that bacterial colonization alone only accounts for part of the pathogenesis of pneumococcal keratitis. Other important aspects of infection include bacterial virulence factors and host cellular responses that lead to a damaging inflammatory response.
The C57BL/6 and BALB/c mice apparently possess immune functions that render their corneas resistant to pneumococcal infection. Girgis et al. [20] and Hume et al. [21] established mild to moderate staphylococcal infection in C57BL/6 mice. The C57BL/6 and BALB/c mouse strains might require a highly virulent pneumococcal strain or a higher inoculum to establish infection.
The present study demonstrates the establishment of pneumococcal keratitis in a murine model which to our knowledge has not been shown to date. Questions regarding the bacteria-host interactions and their subsequent contributions to disease could be addressed using the mouse model due to the availability of transgenic and knockout mice. Murine studies with P. aeruginosa have led to a better understanding of regulatory mechanisms in the cornea following bacterial challenge [25] [26] [27] . The Staphylococcus keratitis mouse model has been used to study the innate host defenses of the eye, mechanisms of host response and the action of toxin [20, 28, 29] . Likewise, the development of a mouse model of pneumococcal keratitis can also lead to new therapies that specifically target the host signaling cascades involved in pneumococcal keratitis.
